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E Abstract 

Space debris has been a problem since the beginning of the space age, when 

spacecraft were threatened by particles moving at hypervelocities. However, 

nature is not entirely at fault as Earth's space program itself has created some of 

the more dangerous debris. Using statistical analysis methods, a comparison was 

made between the amount of man-made space debris at a future date if nothing 

is done about the space debris problem, and the amount of man-made space 

debris at that same date if mitigation procedures are implemented. 
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EXECUTIVE SUMMARY 

Before spacecraft and the space age, the night sky was both useful and 

beautiful. It hasn't changed, but it has become dangerous to operations that are 

now carried out in space. An object traveling at extremely high velocities can 

endanger the physical spacecraft by damaging sensitive parts, such as windows 

or cables. Or if an object is big enough, it can necessitate a satellite to maneuver 

off course to avoid being completely destroyed. 

To avoid these particles, there have been numerous studies about different 

types of courses (perhaps less populated orbits), or other types of shielding, to 

enable a spacecraft to better withstand the typical high-speed impacts. 

Spacecraft that have undergone destruction (from insignificant holes to 

fragmentation) have, however, also caused some of their own space debris. 

Another type of mission-related orbital debris is operational debris, which occurs 

as satellites perform their scheduled duties. Rocket bodies, used to launch 

satellites and then cast off, for example, are considered operational debris. 

To protect these spacecraft, there are two mitigation measures that can be 

taken. The first is actively removing debris that we have created, and the other is 

to avoid making it in the first place. The first type of mitigation is technologically 

difficult and not currently feasible budget-wise. The second type still needs to be 

standardized and implemented, but is very feasible, by just creating spacecraft 

that are more reliable than they are now. 
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How much space debris we are causing, and how to mitigate it is under 

constant study by most of the space programs throughout the world. In this 

report, there is a study on what the future space environment could possibly 

resemble in two different cases. The first case is if there is no mitigation at all, 

and the second if ideal mitigation takes place in 2010. Both are analyzed for the 

years 2025 and 2050, using statistical analysis. 

After complete analysis of both cases, the recommendation is to wait until we 

have better technology as the space debris environment will not become 

significantly worse in the next 50 years. The small amount of mitigation we can 

accomplish with relatively primitive methods should be exchanged for thorough 

research to enable space programs to make significant contributions against the 

pollution of outer space. 
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PROBLEM STATEMENT 

Space debris is a growing problem and obstacle to operating spacecraft 

orbiting the Earth. There are two types of objects in Earth's orbit. The first is 

artificial debris, which is man-made, of debris created in missions through either 

collisions and explosions, or operational problems (upper stages, lost paint chips 

etc.) Then there is natural debris, which consist of meteoroids and pieces of 

comets and asteroids. 

The goal of this project is to discover the how our activity affects space 

missions now, and try to predict how it will affect the future space debris 

environment. Also, to make a comparison between the effects of space debris to 

possible future missions if there is no mitigation, and the effects of orbital debris 

to space missions if a mitigation scheme is implemented. 
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HISTORY OF ORBITAL DEBRIS 

The night sky has been of interest to man-kind throughout all of history. 

Because of the constant relative position of fixed stars and the predictable 

motion of the planets, the night sky is important for navigation for animals as 

well as humans. 

Unusual objects, such as comets and meteors, have always caused fear, 

anxiety, and may in modern terminology be called debris. 

A comet is a celestial body moving about the sun in a greatly elongated 

elliptical, or parabolic orbit, and consisting, when near the sun, of a bright star-

like nucleus surrounded by a misty light and having a train of light or tail, 

sometimes of enormous length, and usually directed away from the sun. A 

comet remains visible from the Earth only for a short time, i.e. while it is in a 

part of its orbit near the sun. They have at all ages been superstitiously 

regarded as heralds of strange or disastrous events. 

A meteor, in the modern restricted use of the word, is a small massive matter 

from celestial space rendered luminous by the heat generated by collision with 

Earth's atmosphere. Not all meteors burn up completely within the atmosphere, 

and some meteor accidents were recorded during the last century. Meteors of 

various sizes have been found on the Earth and are on display, for example, in 

the Smithsonian Museum in Washington D.C. In the 1980's, a team headed by 

Luis Alvarez developed a theory to explain the extinction of the dinosaurs as the 

aftermath of a meteor impact. 
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Comets and meteors are natural space debris. Isaac Newton and Johannes 

Kepler developed natural tools to predict their appearance. Moreover, velocities 

and trajectories of objects orbiting the Earth can be calculated. 

Since the beginning of the space age there is, in addition to natural debris, 

also artificial debris. The Space age began when, on October 4, 1957, the Soviet 

Union launched Sputnik. The satellite stayed in orbit around the Earth until it 

reentered the atmosphere and burned up. — Sputnik became the first man-made 

meteor. 

Spacecraft are expensive and valuable, and their payload, sometimes 

consisting of humans, needs to be protected from impact with other orbiting 

objects. Therefore the problem of space debris has drastically changed since the 

beginning of the space age. Meteors and comets observable from Earth are not 

the only dangers to spacecraft. Small particles orbiting the Earth may have 

enormous velocity, and therefore a large momentum, and may cause severe 

damage. Spacecraft in Earth's orbit must now maneuver around all other 

spacecraft as well as natural debris. Nearly half a century after Sputnik, we have 

more than 2000 operational spacecraft, and millions of fragments of previous 

spacecraft in Earth's orbit. These fragments range from 10's of nanometers, to 

dysfunctional spacecraft still completely intact (United Nations, fig. 1 and 2), and 

they can cause serious trouble for any other spacecraft in the area. 

The procedures used to protect spacecraft from debris are mostly prevention 

[8]. All items in orbit around the Earth are counted, classified, and kept track of. 
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Operational spacecrafts are given directions for emergency maneuvering and are 

so designed that dangerous or fragile items will not be hit by debris. Larger 

items are more easily avoided by evasive actions, but smaller items are not 

monitored, so they could easily hit spacecraft at any time, causing damage to 

cables or windows, making replacement necessary. 

The International Space Station (ISS) is the most heavily shielded object in 

space, protected by over 200 shields, collectively referred to as Whipple shields. 

"Much of the blanket on the ISS is made of Kevlar — the material used to make 

bulletproof vests [5]." 
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LITERATURE REVIEW 

Orbital debris typically refers to artificial space debris, but the term is also 

used for both natural and artificial debris. This section will discuss different 

aspects of all types of space debris based on various sources. 

What is Space Debris? 

The United Nations (UN) states that there is still "no consensus agreement on 

the definition" of space debris, but gives the definition from the Scientific and 

Technical Subcommittee at its thirty-second session: 

"Space debris are all manmade objects, including their fragments and parts...in 
Earth orbit or re-entering the dense layers of the atmosphere that are non-
functional with no reasonable expectation of their being able to assume or 
resume their intended functions or any other functions for which they are or can 
be authorized. [12]" 

Another definition is that orbital debris consists of both man-made debris and 

micrometeoroids [7,8]. Orbital debris comes in various sizes, densities, positions 

and shapes, weights, and depending on the size can cause damage sensitive 

parts of the spacecraft or cause a catastrophic breakup [8]. 

There are many different orbits around the Earth that satellites 'reside' in. 

There are three "heavily used orbital regions" — Low Earth Orbit (LEO), Sun- 

Synchronous Orbit, and Geosynchronous Earth Orbit (GEO). LEO is very popular 

for many reasons — for one thing it takes far less energy, and a smaller launch 

vehicle, to put a satellite into a lower orbit than into a higher one; another 

reason is that better (higher resolution) images of the Earth are possible from 

closer; and also, spacecraft are protected from radiation from the sun by the 
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Earth's magnetic field [18]. LEO is defined to be any orbit with an altitude less 

than 2,000km [2, 8, 18]. Sun-synchronous orbits "process around the Earth at 

the same rate that the Sun moves about the earth or the Earth [39]" which is 

useful to keep the satellite in the same lighting at all time. These orbits can exist 

in various altitudes, but they are mostly in LEO [18]. Finally, GEO is any orbit 

which keeps roughly the same position above the Earth at all times. 

Geostationary orbits are a type of GEO, which have a 0 inclination above the 

Earth. Communication satellites use mostly GEO, which has on the order of a 

36,000km altitude. 

Figure 2 - Space debris population — note the wide ring 
1 (GEO) and the cloud immediately above the earth (LEO) 

No orbit is perfectly circular. GEO is fairly circular compared to orbits in LEO, 

which tend to be much more elliptical. For elliptical orbits, there are two critical 

points, the apogee, and the perigee, the former being the point at which the 

1  Source: http://www.fhr.fgan.de/fhr/rwa/envir.gif  
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object is farthest from the surface of the Earth, and the latter being the point at 

which the object is closest to the surface of the Earth [18, 32]. 

The number describing the amount of orbital debris depends on how the 

objects are counted. There have been approximately 3,700 launchings since 

1957 [18] — one every four days [13]. Most estimates are based on a range of 

sizes or in what orbit the debris is in. Debris can range in size from microscopic 

to entire upper stages and all items over 10cm are tracked [2, 3, 7, 13]. 

However, those items are only tracked in LEO [2]. In higher orbits, we can track 

only larger things until in GEO, "not even all objects with a diameter greater than 

1 meter are tracked [18]." Those tracked objects number 10,000 in LEO [2, 14]. 

Some discrepancy is present when source 13 says that there are 8,000 objects 

being tracked, and source 8 says there are 6,000 of those in LEO. There are also 

estimates available, for how many objects smaller than 10cm are in LEO. As the 

size of the debris goes down, the number of objects there are of that size 

increases. There are on the order of 100,000 objects between 1cm and 10 cm in 

size [2, 8, 14, 38]. Over a billion objects exist in LEO that are between 1mm and 

1cm [8]. The difference between being tracked and being observed, is that an 

object big enough to cause catastrophic damage is watched and kept track of, 

whereas, objects smaller than 10cm are just counted for modeling and 

estimation purposes. 

Inclination is an angular measurement of an object with respect to the 

equatorial plane [18]. "In general, objects with larger optical or radar cross 
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sections (RCS) are more easily detectable than objects with smaller cross 

sections. Both the optical and RCSs of particular space objects can vary greatly, 

which is not surprising for a collection of irregular-shaped objects [18]." So, 

whether an object is trackable or not depends highly on its orientation and 

inclination with respect to the plane of the Earth's equator. 

Regardless of where the objects are, however, they are not always evenly 

distributed. There are regions of concentrations, most notably in LEO, where in 

bands around 800, 1,000 and 1,500km, there is significantly more debris than 

other areas of LEO [2]. Between 900 and 1,000km altitude, there are a large 

number of "relatively smooth and spherical shapes, rather than the irregular 

shapes that would typically be created in a breakup [18]." "The Soviet Union 

used to launch nuclear powered satellites...but once their function was finished, 

the payload is separated from the power supply, which was a nuclear powered 

power supply...somehow, there was a design flaw in the nuclear powered 

module. The nuclear power core was cooled by liquid sodium and potassium, and 

so, somehow when they put it up at that altitude, the liquid coolant, sodium and 

potassium, ...leaked out [39]." Although many facts seem to point towards these 

tens of thousands of spheres being from the leak from the Soviet Union's 

Russian Radar Ocean Reconnaissance, it has not been proven without a doubt 

[18, 25, 26, 39]. However, no matter what the makeup of these particles is, 

there is still a region of concentration somewhere between 800 to 1,000km [25, 

26], where the density of debris is much higher than the rest of LEO. 
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Debris can be identified by velocity as well. On average, the speed of a debris 

particle is somewhere between 5m/s and 15m/s [1, 2, 3, 5, 6, 7, 8, 13, 18, 39]. 

At impact however, velocities at impact — that is, during a collision — can vary 

anywhere between 0 km, whereas when the two objects have a head-on 

collision, the velocity at impact can reach almost twice the orbital velocity, which 

in LEO, is approximately 7 or 8km/s, and in GEO, is about 3km/s. Overall, in LEO, 

objects are moving at hypervelocity, and so spacecraft must be "designed to 

withstand...impacts with these particles [6]." Hypervelocity is the "relative 

velocity of two objects that, in general, exceeds the speed of sound in solid 

materials (about 5km/s) and results in an impact response that is not dominated 

by material strength effects [18]." 

Observation: If the orbit is at a higher altitude, the velocity of the object is 

smaller. This is due to the fact that gravity has less force farther away, and 

therefore, to stay in any orbit farther away, requires less speed. 

Potential Hazards due to Orbital Debris 

Orbital debris, both man-made and natural, present hazards to operating 

spacecraft. Functional spacecraft make up only 6 percent of just the man-made 

material in space [18]. This percentage is even less when natural debris is 

included in the calculation. 

There is only one known collision between an operating spacecraft and a 

piece of man-made debris. In 1996 the French CERISE spacecraft was struck by 

an object that originated from an exploded upper stage Ariane [8, 12, 39]. The 
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stabilization boom was struck which would have proven catastrophic to the 

spacecraft had it not been "built with so much redundancy that...the French 

space agency...was able to reacquire control of the satellite, and continue to 

make it useful even though it had a shorter boom [39]." 

Any kind of debris can cause two different types of problems. It can cause 

holes, which could cause catastrophic damage (cascading, or fragmentation) or it 

could negatively effect operations [12, 39]. The CERIS, for example, experienced 

damage to the spacecraft, but reacquired orbital stability. 

The impact theory is a model of debris based on damage that it can cause to 

the physical spacecraft. Bjork's equation is: 

P =1.09-VMV 

where 	 M is the mass of the projectile in grams, 

V is the impact velocity in km/s 

and P is the penetration depth in cm. 

The constant 1.09 is the constant for an aluminum-aluminum collision, and 

the equation describes the type of hole that would be caused by a collision in 

space [17]. "A 10 gram (centimeter-sized) particle traveling 10km/s may 

penetrate a 5cm think aluminum plate, which is, of course, many times the 

thickness of current spacecraft walls [17]." 

The Long Duration Exposure Facility (LDEF), which can be seen in Figure 2, 

was a spacecraft designed purely to test shielding for future spacecraft. It was 

deployed in orbit April 1984 by the Shuttle Challenger [6, 18, 39] "and it had on 

all its sides and top and bottom, various types of sensing material to make 
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measurements of debris size and so on and so forth. And it was designed such 

that...all the debris coming in [from a] direction...would always hit the same 

surface [39]." Upon its return to Earth, there were 30,000 recorded impacts on 

the surface of the LDEF [5]. 

Figure 3 — The LDEF. 2  

"Spacecraft are more likely to collide with smaller debris than with larger 

objects. In LEO, the probability of collision with debris in each size range is 

believed typically to increase by more than a factor of 100 for every factor of 10 

decrease in size over most of the medium to small debris size ranges [18]." 

However, a smaller sized debris piece will not cause as much damage to a 

2  Source: http://setas-www.Iarc.nasa.gov/LDEF/index.html  
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spacecraft as a larger piece of debris. A 10cm object can cause catastrophic 

damage at impact, meaning fragmentation or cascading [8]. 

Fragmentation occurs when an operational spacecraft collides with another 

object and the collision result in a breakup generating multiple pieces of debris. 

A single collision could lead to more than a million pieces of debris, with 

diameters more than 1mm [17]. Fragmentations can be caused by a number of 

other things as well. 

"Breakups are typically destructive events that generate numerous smaller 
objects with a wide range of initial velocities. Breakups may be accidental (e.g., 
due to a propulsion system malfunction) or the result of intentional actions (e.g., 
space weapons tests). They may be caused by internal explosions or by an 
unplanned or deliberate collision with another orbiting object [18]." 

Fragmentations, in addition to harming the spacecraft, increase the debris 

environment in the process [8]. The more pieces originate in a breakup, the 

more new pieces of debris there are in that orbit. After a test of a Navy satellite 

in a Tennessee bunker, with an "plum-sized aluminum ball traveling at a speed 

of about [6.4km/s]," it was "impossible to tell what the metal fragments might 

once have formed [13]." 

Cascading is a phenomenon that occurs when an object collides with another 

object and one of them fragments. The first object 

"breaks up into hundreds of pieces, and these hundreds of pieces now have 
increased the threat against other [objects] that are in orbit too, and they hit 
them, and cause chain reactions...We have nowhere near the density of debris to 
cause that kind of problem — even in the region of 850 to 950 km. But it is a 
potential concern [39]." 

Operational problems can either be human related, or function related. 

In human related missions, special precautions are taken to ensure that 
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the crew is protected from debris. The space shuttle flies in the "best possible 

orientation [5]" with its "tail pointed in the direction of the velocity vector [12]." 

Functional related issues include things such as loss of altitudal stability. 

Another effect of space debris is not necessarily immediately harmful. Space 

debris, and operating satellites alike can be seen from Earth. For casual 

observers of the sky, "some [satellites] are very bright, [and] some have unusual 

or otherwise interesting visual characteristics [9]." However, to astronomers, 

debris can cloud fields of view, which can be important during wide field imaging 

[12]. 

In order to avoid potential breakups, NASA, specifically the Jet 

Propulsion Laboratory (JPL) has a series of "preferred reliability practices, 

one of which suggests designing "spacecraft external surfaces to ensure 

95 percent probability of no mission-critical failures from particle impact 

[4]." 

Models of Debris 

To make any calculation concerning orbital debris, a model needs to be in 

place, as we would have no basis for our conclusions. There are models for 

essentially every kind of debris incident that can happen. "It is very difficult to 

gather data from the rare impacts of...debris in space, assessment of...damage 

such debris can cause...is accomplished primarily through experimental testing 

and analytic...methods [18]." 
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"Some damage is expected and acceptable on space missions [5]," but as 

"space debris [still] poses a real threat to space vehicles...NASA recently 

requested impact models [1]." Smooth Particle Hydrodynamics (SPH) is a 

technique to predict the distribution of debris in a fragmentation situation, 

without "the normal computational mesh [1]." More generally, a prediction can 

be made about debris distribution in a breakup, using numerical simulations with 

computer codes, often referred to as 'hydrocodes [18].' However, computer 

simulations are only as accurate as the parameters they are given, and 

"often...experimental data are not available," and they are also limited by "the 

memory and speed of available computers [18]." The most recent model, the 

ORDEM2000 was released earlier this year. The model "has been subjected to a 

significant verification and validation effort...[and] has been tested thoroughly 

and compared with all available [11]." 

Physical models are often used as well, to test the effect of hypervelocity 

impacts on shields, windows, etc. and to test the effects of explosive 

fragmentations [12]. Sizes and shapes vary as much as possible, and test 

velocities are used that would normally be found in an orbit (-10-15km/s in LEO, 

and .'3-5km/s in GEO) [18]. "Spacecraft must be designed to withstand 

hypervelocity impacts by untrackable particles [7]." To test some of the 

components for the International Space Station (ISS), they were even tested 

with the Russian Mir Complex [10]. 
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Other models estimate the population of debris that there is in Earth orbit. 

NASA is constantly updating its models for the amount of debris, in LEO, 

specifically [8]. They can be either long-term or short-term models — long-term 

being up to 100 years from the current, and short-term to 'predict' the current 

environment [12]" (for spacecraft entering space in the near future). 

ORDEM2000 is a short-term model, used extensively for the "Space Station, and 

the ISS design and operations [12]." EVOLVE is chiefly a long-term model, which 

calculates an evolution of the orbital environment based on what objects are in 

what orbits. Results from EVOLVE have one drawback, and that is that it is 

drawn from other models like breakup models [29]. 

Debris Mitigation 

Since debris is an ever-growing problem, regulation needs to be implemented 

for some improvement of extraterrestrial world. There are two types of debris 

mitigation procedures. One method is to impede the problem from getting worse 

in the future and the other is to decrease the amount of debris that is there 

already. 

NASA is currently cataloging all objects in LEO that are greater than 10cm, 

and all objects in GEO that have a diameter larger than lm. This catalogue helps 

prevent spacecraft from collisions by keeping spacecraft up-to-date about the 

presence of objects that could be threatening. It also includes information about 

the "period, inclination, apogee, and perigee...generally along with information 
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on the object's origin — only objects with known origins are entered into the 

catalog — and its radar or optical cross section [18]." 

However, besides cataloging, there are three techniques for improving the 

current debris environment. The most constant one is the natural decay process. 

It is a "slow process [39]" but a sure on, in which the atmosphere drags down 

material from orbit, and then reduces the object to ashes. In orbits of less than 

600km in altitude, this process could take several years, but orbits higher than 

800km, it could take centuries to decay. 

Extreme physical models are deliberate destructions, to "obtain a broad 

picture about how long space debris would stay in orbit [14]. There is mission 

category dedicated to such intentional breakups called the "Technology Missions 

[19]." 

However, it is the opinion of many environmentally-concerned people, that 

"unlike Earth, space certainly can't heal itself, or naturally recover from man-

made wounds. We caused it, we must cure it [15]." 

1. Removing current debris 

One considered method for removal of existing debris has been to place a 

large 'net' into space, and collect all extraneous particles, but a net would have 

to have incredible strength to withstand particles coming in at 10km/s [39]. In 

the same category, a spacecraft could theoretically be designed, and be devoted 

solely to the purpose of removing large objects from orbit. "All indications are 

that the cost of such a vehicle would be prohibitive, especially when the small 
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reduction in the debris hazard that it could achieve is considered [18]." For 

smaller debris, "'debris sweepers' (large foam balls...that impact with smaller 

debris)" could conceivable be designed, but would be "technically difficult, 

demonstrably inefficient, hazardous to functional spacecraft, and risks producing 

more small objects than it eliminates [18]." 

Another mitigation idea was to have a powerful laser on Earth to blow the 

pieces of debris into smaller pieces. This technique, however, would not be 

efficient, as it is just increasing the amount of debris that is present in space, 

and "if you increase the risk 100 fold, you have not succeeded [39]." A branch 

off of this suggestion is to use some laser and in essence vaporize smaller debris. 

The Orbital Debris Removal Using Ground-Based Sensors and Lasers (ORION) 

Project showed that this procedure would eliminate essentially all debris below 

the altitude of 800km of sizes between 1cm and 10cm, over a fairly short time 

span (2 to 3 years) but for a significant cost [38]. However, the powerful lasers 

needed are not nearly invented yet [39]. 

2. Constraining future debris 

Currently because so many interests (political, economic, military and 

scientific) "interest in clear orbits...there is a much more powerful incentive for 

the space industry to clean up space, and keep it clean [15]." 'Keeping it clean' 

has long been a debate topic for international standardization. "The problem is, 

there is no legal requirement. It is by international consensus that this kind of 

thing is evolving [39]." 
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All man-made debris falls into two distinct categories — mission related debris 

and fragmentation debris. Mission related debris is any debris created by 

intentional ejection of some object into space. "These objects normally perform 

no useful service after release and are sometimes referred to as 'operational 

debris.' ... Debris from ... breakups are not considered mission-related objects 

[18]." This type of debris can range from paint chips to entire rocket-booster 

stages [1]. 

To attempt to prevent such mission related debris, from occurring, standards 

specify that "programs and projects will assess and limit the amount of debris 

released in a planned manner during normal operations [36]." This would mean, 

for example, the difference between ejecting a telescope cover after removing it, 

and keep it attached to the satellite, without letting it interfere with the optical 

path of the telescope [39]. Currently however, the cost for redesigning systems 

to implement these mitigation measures is high, and some commercial 

companies would prefer more revenue to keeping up with relatively vague 

standards [12, 39]. 

"Fragmentation debris — the single largest element of the cataloged Earth- 

orbiting space object population — consists of space objects created during 

breakups and the products of deterioration [18]." It is especially dangerous, as 

the number of debris produced is so immense that it significantly increases 

probability of a satellite collision, "possibly triggering a vicious spiral of debris 

generation [17]." 
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Standardizing mitigation practices for fragmentation debris is much harder 

than it is for mission related debris, because of the unpredictability of 

fragmentation. From size, shielding information and debris population, the 

probability of no penetration (PNP) can be calculated. The PNP is gives the 

probability that the object will not be penetrated catastrophically within the next 

decade. In the case of the ISS, "the overall goal...is a PNP of 0.81, which is a 19 

percent chance that the station will be penetrated by orbital debris at least once 

in its first ten years [8]." It achieves this goal by being the "most heavily shielded 

spacecraft ever flown [2, 7]." Shielded with more than 200 shields, as a group 

called 'Whipple shields [8, 39]' "it would take a fairly large object to make it 

through the shield...through the wall, and into the actual spacecraft [5]." 

A major portion of fragmentation debris is due to rocket bodies and other 

objects exploding because of extra fuel [39]. This depletion of fuel is referred to 

as 'incapacitation' or 'passivation' of a rocket body. To "reduce potential for 

explosion," there are two methods available: "either (1) depletion burns after the 

rocket body separates from the spacecraft or (2) venting of residual propellant 

[18]." The other possibility for solving this type of problem is to completely use 

all the fuel, and at the end of the useful life of the spacecraft thrust the 

spacecraft out of orbit and into a less populated orbit. However, this uses a lot of 

fuel, "and not enough people have invested in moving their nearly dead satellites 

out of the geostationary band...and a lot of companies do the right things, but it 

is a very slow process [39]." 
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E Methodology :-._-- 

In order to be able to make legitimate predictions about the future space 

debris environment, we need to understand the variables involved in 

calculations, and the assumptions needed to create a boundary around the 

problem. 

Assumptions 

The first assumption is that natural debris is constant. Although man-made 

debris does technically affect the amount of natural debris through inevitable 

collisions that occur between the two types of debris, which increase the number 

of natural debris pieces. We assume that this increase is insignificant, and all 

calculations will done with the risks posed by natural debris set to zero. Special 

note must be made that for an absolute risk assessment, natural debris factors 

must be accounted for as well. 

Mitigation effects will be completely ideal as well. The assumption is that 

mitigation efforts will be undergone by every spacecraft, and works without fail. 

The mitigation procedures will be the same as those outlined by the U.S. 

Government. Practically, however, divergences from this rule will not be 

uncommon. An international agreement, may not occur as easily, and if it does, 

it may not be based on U.S. standards. Also some spacecraft may not complete 

their mitigation maneuvers due to design flaws or other operational problems. 

The important assumption that the rate of launches will remain the same, 

although not necessarily constant, will be made. Assuming that there will be no 
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change to how many spacecraft are sent into space may not be completely 

accurate, as while we become more acquainted with the realm of space, we will 

most likely increase these launchings due increased scientific and public interest, 

such as tourism or extensive explorations of other planets. 

The final assumption is that the all numbers found are accurate and 

complete. We are relying on the fact that launch and fragmentation data is 

correct, as that data is the basis for all calculations. In reality, it is difficult for all 

data to be precise, and in its entirety, as it stems from sources from all around 

the globe, and the difficulty arises when trying to achieve uniformity throughout 

all of these sources. 

Data and Matching 

Data will include two types. Launching data and fragmentation data. 

Launching data will be dates of any launching that ever took place, successful or 

not. Even if a launch was not successful, the fact that they occurred is important 

for discovering the rate at which launches occur. Fragmentation data consists of 

information concerning which satellites fragmented, how much debris was 

created in the process, and how much debris remained in orbit after a given 

amount of time (until the date the source was created). 

The data that is collected needs to first be entered and plotted. From these 

plots, there are different methods that can be used to create a function that 

matches that data. These functions do not have to be the only functions that 

match the data, as they are only estimations. With the amount of factors 
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involved, functions that matched the data set completely, for all values of time 

would be incredibly complex as well as impossible to find, as is the case with 

most human activity, as circumstance is not based around a set of rules and 

cannot be predicted. 

Using the curves found with the data matching, a prediction can be made for 

any year in the future, specifically 2025 and 2050, by taking the value of the 

function at that point. Therefore, we can discover how many launchings we will 

make for those two years, and of those launchings how many will fragment, 

create debris, and of that debris, how much will remain. 

Then a representation of the outcome of the mitigation scheme must be 

found and used to find out how the environment after mitigation plans have 

been implemented compares to the environment if no mitigation takes place. 

Function matching must be used here as well. 
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DATA AND ANALYSIS E 

To offer a prediction for the future of the space debris environment, we will 

look at the number of launches made every year, the number of fragmentations 

by launch date, and the percentage of fragmentations per launch date. This data 

is seen in Table 1. 

Table 1 - Data of launchings and fragmentations by launch date 

Year 
Number of 

Launchings per year3  

Number of 
Fragmentations per Launch 

Date 4  

Percentage of 
Fragmentations byNumber 

Launch Datecreated 
of debris objects 
by breakup 

1957 3 0 0 0 
1958 28 0 0 0 
1959 25 0 0 0 
1960 38 0 0 0 
1961 49 1 2.04 296 
1962 81 1 1.23 24 
1963 70 3 4.28 167 
1964 101 4 3.96 103 
1965 125 11 8.80 864 
1966 135 10 7.40 321 
1967 139 7 5.03 70 
1968 131 8 6.10 296 
1969 127 4 3.14 340 
1970 124 7 5.64 531 
1971 135 11 8.14 142 
1972 106 3 2.83 237 
1973 117 5 4.27 451 
1974 113 4 3.53 231 
1975 132 5 3.78 587 
1976 132 	 12 9.09 718 
1977 130 	 9 6.92 399 
1978 128 	 11 8.59 290 
1979 100 	 10 10.0 342 
1980 109 	 9 8.25 196 
1981 126 	 16 12.69 453 
1982 129 	 9 6.97 419 
1983 129 	 14 10.85 308 
1984 129 	 8 6.20 114 
1985 125 	 15 12.0 141 
1986 100 	 11 11.0 899 
1987 114 	 9 7.89 453 
1988 121 	 6 4.96 90 
1989 102 	 14 13.72 150 
1990 121 	 9 7.44 172 
1991 91 	 10 10.99 137 
1992 97 	 5 5.15 239 
1993 83 	 7 8.43 33 
1994 93 	 5 5.38 708 
1995 80 	 7 8.75 64 
1996 77 	 2 2.60 3 

3  Source: History Of On-Orbit Satellite Fragmentations [43] 
4  Source: Launch Logs [cite]. See Appendix D. 
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1997 89 4 4.50 11 
1998 82 1 1.22 1 
1999 78 2 2.56 294 
2000 85 0 0 0 
2001 59 0 0 0 
2002 16 0 0 0 

Total: 4,504 Total: 289 Average: 5.96 Total: 11,294 

Calculations 

The data from the years 2000-2002 is superfluous, as a comparison between 

launchings and fragmentations is impossible due to the unavailable 

fragmentation data. In Figure 4, the number of launchings is graphed per year. 

The numbers seem to rise in the initial excitement of having a space program, 

and then fall into a steady decline until hitting a natural limit between about 70 

and 80 launchings a year. This limit is probably defined by budget, design 

capabilities, design time, etc. 

Number of launchings 

m  150 
0 

-H 100 - 

8 	 50 - e 
0 	  

1950 	 1960 	 1970 	 1980 	 1990 	 2000 	 2010 

Year 

Figure 4 — Number of launches per year. 

The solution to the ordinary differential equation: 
d2 y(t) 

 + 2a dy(t)  + w2y(t) = f (t) 
dt 2 	 dt 

is 

{ 	 -
a - \I a 2  - w 2  y(t) = Al e- s' t  + A2 e- s 2t  + C where '51  =  

s 2  = -a + .,1 a2  - w 2  . 
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For the type of behavior, described above, this solution would have s, and 

s2  be real. To simplify initial calculations, the year 1950 was mapped to zero, and 

the equation was rewritten as: 

(t-1950) 	 (t-1950) -10s
' 

At) -= A i x, 10 -1- A2 x2  10 + C where 
x = 

1 
e  

x2= e
-los t  

A least squares fit to the launch data is possible, and using the program in 

Appendix C written to efficiently find the best fit, the five coefficients become: 

A l = 814.547 

x = 0.45 8 1 
4 = —1268.0 . 

X2 -= 0 ' 3 1 4 

C = 74.423 

So our complete function is: 

(t-1950) 	 (t-1950) 

y(t)= 813.54 *0.458 10  —1268* 0.314 10  + 74.423 . 

The graph of this function and the original data points is shown in Figure 5. 
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Data and Matching Function for Number of Launches 
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Figure 5 - Original launch data with matching function. 

Each time a launch occurs, there is a risk of fragmentation, due to collisions, 

operational disorders, or even unknown causes. For a given number of launches 

per year, there have been a certain number of fragmentations of satellites 

launched that year, although this does not necessarily mean that the 

fragmentation occurred the year of launching. Since the fragmentation data is 

based on launch date, and not date of fragmentation, data past approximately 

the year 1995 is not completely accurate based on the fact that many things 

launched between then and now are still in orbit, and may therefore still 

fragment. A graph displaying the number of fragmentations per launch date is 

shown in Figure 6. 
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Fragmentations by Launch Date 
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Figure 6 - Fragmentations based on launch date 

Based on the fact that the number of fragmentations decrease much more in 

the graph than in reality, we can assume that the numbers will continue to 

increase. This seemingly rash assumption can be justified in that the more 

objects we launch, the more chance there is of failure due to collision or other 

malfunction. For a rough matching to this data, a logarithmic plot can be used. 

The function will follow the form of: 

f (x) = a ln(x — c). 

The constant c is 1960, as we have no positive values before 1961. The 

value of a was computed by knowing where the approximate break-off on the 

logarithmic curve would be. Taking this break-off point to be at around 1970, 

and knowing the value of the function to be 7 there, we find that: 

a ln(1970 — 1960) = 7 --> a = 3.040 . 

The results of that function with the original data are shown in Figure 7. 
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Data and Function Matching for Number of Fragmentations 
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Figure 7 — Logarithmic matching for fragmentation data by launch date. 

The percentage between these two numbers is important for knowing the 

amount of fragmentations that occur for a given amount of launchings. The 

percentage of fragmentations varies as shown in Figure 8. This curve looks fairly 

similar to the curve for the actual fragmentations per launch date, so the same 

type of curve should match this curve as well. 

Percentage of Fragmentations per Launches by Launch 
Date 
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Figure 8 - Percentage of Fragmentations per Launch Date 

Using the same technique for this curve as for the last one, we find a in 

f (x) = a ln(x — 1960) 

using the value of 5.645 at 1970: 

5.645 a ln(1970 —1960) a = 2.452 

giving us : f (x) = 2.452 * ln(x —1960) 

This function can be seen with the percentage data in Figure 9. 
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Data and Function Matching for Fragmentation Percentage 
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Figure 9 - Logarithmic matching of fragmentation percentage data. 

To compare this logarithmic matching to the matchings we obtained for the 

raw launch and fragmentation data we find the percentage between those two 

functions: 

3.04 ln(t -1960) 
(t-1950) 	 (1-1950)  

_813.54*0.458 10  -1268*0.314 10  +74.423_ 

The graph showing the comparison between the two methods of evaluating 

the percentages is shown in Figure 10. 
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Comparison between different percentage matchings 
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Figure 10 - Comparison between data matching for percentage of fragmentations per 
launch date 

The similarities can be noted for the beginnings of the functions, but they 

begin to diverge between the years 1980 and 1982, and then the logarithmic 

matching is the more optimistic of the two. 

Predictions 

The data matchings described in the previous section make it possible to 

predict the future fairly reasonably. To predict the number of launches in 2025, 

we take the value of the function at that point, and find that there may be 

76.626 launches that year. As the number of launches needs to be an integer, 

this number can safely be rounded to 77. In 2050, there may be 74.756 rz 75 

launches. Of the 77 launches in 2025, there could be 12.69 N 13 fragmentations 

and in 2050, maybe 13.68 7-114 fragmentations. On average, each fragmentation 

creates 39 pieces of debris, so those 13 fragmentations in 2025 could generate 

377 pieces of debris and in 2050, the 14 fragmentations could generate 406 

pieces of debris. 
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As a test of the data matching curve for the fragmentation data, we take the 

average number of debris objects per fragmentation (36), multiply that by the 

function ( y(x) = 3.04 ln(x — 1960) ), add up all discrete values from 1960 to 1999, 

and compare that sum to the sum of the real data. For the real data, the total 

number of debris pieces from fragmentations between 1960 and 1999 was 

11,294. Adding up the values gained from the function, the total is 12,642. The 

error is 10.1%. In Figure 11, we can see the number of fragments a year along 

with f (t) = 118.6 ln(t —1960) . 

Number of Debris per Fragmentation per Launch 
Date 

Launch Date (Year) 

Figure 11— Number of pieces of debris created per launch date 

Estimations 

Of these 11,294 pieces of debris, 3,644 of them were still in orbit in 1999. 

Figure 12 shows how many of the original debris pieces created during 

fragmentation each launch year remained in orbit in 1999. The still-left-over 

debris consists of only 30% of the original debris, and will definitely decrease 

more in time, due mostly to atmospheric drag. 
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Debris Pieces Created and Remaining per Launch Date 
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Figure 12 - Relationship between created and remaining debris per launch date 

Ideal mitigation is when independently of how many launches there are, 

there is no increase in space debris from those missions. If the Earth were to 

start mitigating (ideally) in 2010, using the guidelines written by the U.S. 

government, the result would be similar to the graph shown in Figure 13. 
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Figure 13 - Percent of fragmentations per launch date if ideal mitigation began in 2010 
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Table 2 - Comparison between number of debris pieces created with mitigation or without it. 
2002 2025 2050 

With no mitigation procedure 13963 24819 37720 
With mitigation procedure 

(starting in 2010) - 17604 17604 

Table 2 displays the number of fragments that would be created altogether 

(since 1957) with mitigation, and without it. However, these numbers are 

independent of atmospheric drag, and therefore are pessimistic for the case 

where there is no mitigation procedure. On the other hand, the numbers for the 

case with mitigation are slightly optimistic, as they apply strictly to ideal 

mitigation, and do not include the possibility of failure. 

If there was no mitigation at all, then there would be 25,078 pieces of debris 

due to fragmentations created between the years 1999 to 2050. If mitigation 

started in 2010, then this number would be cut down to 4,497 which is 

approximately 80% less. However, those 20,580 pieces that would otherwise be 

accumulated without mitigation between 2010 and 2050 may not make a large 

difference when considering the enormity of space. 
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solid-fuel motor operations are presented in this paper. These are medium-sized 
debris that are expelled at low velocities through the rocket motor nozzles after 
the nominal cessation of propellant burning. These post-burnout debris, referred 
to as chuffing debris, may be a significant component of the orbital debris 
environment. Radar and optical measurements of these debris have been 
collected during numerous sub-orbital flight tests conducted over the past 
several years. The large database of such observations that has now been 
accumulated indicates that such post-burnout debris are a generic consequence 
of solid-fuel rocket motor operation. Selected portions of this database are 
reviewed, and a preliminary model of such medium-sized debris production is 
presented that is suitable for correlation with existing orbital debris observations 
and population models. [Abstract straight from source] 
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This paper is first concerned with a detailed calculation of the collision 
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comprise a class having specific altitude and inclination, the latter parameter not 
necessarily the same as that of the primary spacecraft. 
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Analysis of orbital debris data collected by the Haystack radar have shown an 
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km. Indications from the Haystack data are that the debris range in size from 8 
mm to 2 cm and that they are spherical in shape. Previous work by NASA 
researchers has shown the likely origin to be the leaking of liquid coolant from 
the nuclear power sources of a now defunct Soviet space-based series of ocean 
surveillance satellites. We report on a project at Massachusetts Institute of 
Technology's Lincoln Laboratory to detect, track, and characterize a small sample 
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shown the likely origin to be leaking coolant fluid from nuclear power sources 
that powered a now defunct Soviet space-based series of ocean surveillance 
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A project has been in progress at MIT Lincoln Laboratory to detect, track and 
characterize a small sample of the anomalous debris. The primary sensors used 
for the purpose are the Haystack radar, the Millstone hill radar, TRADEX and the 
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to understand the scope and nature of the problem. The results of this 
cooperative activity and recent results to carefully characterize the actual 
probability of collision in the geostationary orbit are described. 
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Appendix A: 

Dr. Sridharan — Let me tell you a little bit about the kind of work that I have done in debris. I am 
not an expert in debris by any means, but I probably know more about space debris in Lincoln 
Labs than anybody else. Two experts in space debris work at Johnson — NASA's Johnson Space 
Center in Huston. 
—Yes. 
Dr. Sridharan — I don't know if you've touched base with any one from there. 
—I haven't, but I hope that I can get in contact with them... 
Dr. Sridharan — Yes, I will introduce you to a person, over the phone, to a person who has been 
in this area for a very long time — Gene Stansbury. He's always delighted to help faculty and 
students. Gene probably would be the best person. There is also another person by the name of 
Don Kessler, who literally started the whole study of space debris. He is an outstanding example 
of what I call a true scientist, that is, he identified a problem, he researched into that, wrote 
several papers, made it a technical discipline that was worth pursuing. Today, as a result of that, 
there are any number of space debris conferences that go on, and Don Kessler has been 
responsible for that. And I've known Don Kessler since the early days that he started debris 
research. The genesis of the space debris problem lay in the fact that NASA was considering 
sending long term space station into space — this was back in the 70's and early 80's. and at that 
time, Don Kessler realized, that not only were there lots of satellites up there, but there also lots 
of rocket bodies, lots of other various kinds of fittings and such other things that go on every 
time a satellite was lost. Plus, there were several identified cases where rocket bodies have 
exploded in space and left pieces of debris of various sizes. Satellites have broken up in space, 
fragmented some how or another, and left pieces of debris. So, he started looking at the issue of 
how much space debris there was, and whether those could be a potential hazard to a manned 
space station. Space shuttle, on the other hand, generally does not stay there long enough to 
worry about. Space station was supposed to be very long time. Now, as a result of his effort and 
research into it, several results came out, but most important thing is NASA did decide that it was 
safe enough to put the ISS there, because there was some question at that point — and if the 
space debris problem had been significant enough, then they may have decided against putting 
the Space Station up. Now, you might turn around and ask, "What use is a Space Station?" There 
is still some question about that. I am still relative skeptic except for the fact that its an 
interesting place to do some particular kinds of experiments but if its worth the umpteen million 
dollars, I do not know. I am still a little skeptic — but leaving that aside, once NASA decided to go 
to the SS, and part of the justification was, if we were to plan to send people to Mars, then we 
needed long term explosion studies of people — what would happen to them in a weightless 
environment after a long time, and the Space Station was the logical place to do that. Now, the 
problem in debris is that not all debris is detectable and track-able by ground based radars or 
ground based optical systems. Now to do that ... by the way, interrupt me any time you have 
questions ok? I tend to use jargon quite a bit, so feel free to stop me and ask questions ... The 
airforce, has historically had a mission — they have to keep track of all satellites ... 
Prof. Labonte — SPADATS? 
Dr. Sridharan — SPADATS is one word to use for that, but fundamentally, this was a mission that 
was defined for the airforce and the reasons were obvious because without them we had to know 
what new satellites were doing and where they were — we had to know where the adversary 
satellites were, where the soviet unions satellites were, where the Chinese satellites were and so 
on and so forth. So, the airforce has a mission. Now, that mission was very broadly interpreted 
to include not only active satellites, satellites that are doing something. Kessler very quickly 
realized that in the lower altitudes that he was concerned with, the space station is only about 
350 km or 400 km. So you really you really wanted to assess what the different populations was 
that could potentially come down to that altitude and impact the space station. So Kessler quickly 
realized that current long-based space surveillance system, radars, optics, whatever, did not 
detect and track, routinely, small things. They were capable of tracking, detecting and tracking, 
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things that were larger than a particular size, but smaller than that size, they usually did not 
detect them — simply because the radars were not powerful enough to do that. I don't use optics 
because usually the low altitude satellites, they are not sunlit all the time so it's very hard to 
detect them. So at that time, Kessler, and Gene Stansbury, and so on, did a study to figure out 
what types of radars would be needed to detect and track all debris in space, down to say a cm 
in size, about this size. 
— But they can't track 1 cm down, can they? 
Dr. Sridharan — Not now. So they did a study on what kinds of radars would be needed to do that 
— and they came up with a very nice report which Gene Stansbury can send you, I cannot seem 
to find it. The result was, that you needed many more powerful radars and they estimated a cost 
for these radars and it came to, at that time in the early eighties, on the order of a billion dollars 
to build the radars — this was late eighties, and a significant operation cost would be something 
on the order of 30-40 million dollars cost to operate the radars every year. At that time, NASA 
could not afford that kind of money, so NASA turned to airforce and said, "You have much 
because you are the one that has the space surveillance capabilities." The airforce was not willing 
to put that kind of money either, because the airforce had no interest in putting a man in space. 
It was presumably a joint with NASA, the man-in-space program, but very soon the airforce 
realized that for their missions, not the space surveillance missions, but all their other missions, 
they needed satellites, but they needed unmanned satellites with telescopes, and cameras, and 
communication capabilities, they didn't need a man in space. They still don't. The airforce still 
doesn't want a man in space. So airforce was not willing to put that money in either, and NASA 
then looked around and said "Well, what could we do with the available money we have?" and 
NASA came to Lincoln, or Lincoln came to NASA, I don't quite know how this happened, but we 
went to NASA and we said "We have pretty powerful radars here. We don't think we can track 
these debris on a regular basis, because tracking is not a problem, it is finding them that is a 
problem. However, what we can do is provide you detection data, that is, we can point the radar 
at the sky and let the Earth carry the radar around, and then as debris stream through the radar 
field of view we will detect them. We will provide you with detection data." NASA was really 
happy with that and supported us to do that and we have been doing that since '90, or '91 with 
the radar that you saw on the street. What that provides NASA, is characterization of data, that is 
they can now build a model of debris in space wherein by altitude, orbital inclination, and size, 
and then play that model against the detection data that we get here, and correct the model. So 
we have been supplying to them something like 800 hours of detection data on debris. So far 
with 10 years of data, they have been able to refine the model substantially. You really should 
talk to Gene Stansbury. The result of all that was that today there are estimated to be 
somewhere about 20,000 discreet objects up in space within the first 2,000 km of altitude. Its 
increasing because of more satellites coming in, but its also decreasing — one advantage of these 
low altitudes is over time the atmosphere drags things down. Slowly, but nevertheless, it does 
happen. So, now give you a feel for what these 130,000 means, the space surveillance catalogue 
that space ... carries, based on the normal tracking of objects larger than a particular size, is only 
about 10,000. So there are about 120,000 pieces of debris up there that are smaller than roughly 
10 cm down to about a few mm, which are not routinely tracked but which can be detected by 
the powerful radars, like the ones we have. And NASA has been able to build a model based on 
that. The model in a sense of the model on the population based on what altitudes they're at, 
what orbital inclinations they are at, and roughly what size they are. Using that model, NASA is 
now able to calculate potential threat to the space station. Now, the space station was to be sort 
of harder, to withstand direct hit by something smaller than a cm. Smaller than a dime. Are you 
aware of what velocities are the orbjects? 
— Yes, its about 10 to 15 km/s. 
Dr. Sridharan — Yes, the average mean number is about 10 km/s. It could be much lower if they 
are in the same orbit traveling in the same direction, however it could be much higher if they are 
crossing orbits. 10 km/s is a good number to remember. See, even a dime coming in at 10 km/s 
can cause a significant damage to a space station. The reason why they believe that they can 

49 



withstand something smaller than a cm hitting them. The key parts of the space station, those 
that surround the parts where human beings are located, the parts where the particular kinds of 
systems that are very critical to operation and life in a space station, the air-conditioning and so 
forth and those kind of things. Those are all shielded by a derivative of what are called Whipple 
shields. Have you ever heard of Whipple shield? 
— Yes. 
Dr. Sridharan — Fred Whipple at Harvard University developed the current design of the space 
station is based on that — its not a Whipple shield really, but we still call it a Whipple shield — it's 
a derivative. 
Prof. Labonte — Excuse me, did the Russians follow that? 
Dr. Sridharan — No. 
Prof. Labonte — They weren't responsible for the habitation module, were they not? 
Dr. Sridharan — Oh, today. For the space station, yes they did. Who has had most experience in 
space in terms of long-term research and astronauts? It's the Russians. The cosmonauts have 
been on the MIR space station much longer periods of time than our astronauts have been. And 
the MIR space station was really never strengthened for orbital debris. And the Russians really 
never did see studies of orbital debris in those parts until Kessler founded the discipline and 
started provided informational data. Partly because the Russians did not have them today the 
kinds of radars that are essential to making studies. Today, if you ask Gene Stansbury, which you 
should, he'll tell you that with a probability of 1, the Space Station will be hit by something larger 
than a cm once in about 30 years. That's a long period of time. In a sense, the Space Station is 
relatively speaking safe. So, that is sort of the state of space debris in the first 2,000 km. Why 
worry only about the first 2,000 km? That's what is likely to impact the Space station. Given that 
the first 2,000 km, and the way I got into them, these interesting studies of debris, there are 
regions where there is more debris, and there are regions where there is less. There's roughly 
half of these percentile of pieces, or 60,000 pieces exist in a very narrow altitude region. 
Between about 850 and 950 km. You've read about this. 
— Yes. 
Dr. Sridharan — The Soviet Union used to launch nuclear powered satellites, for particular 
purposes, I can't tell you what purpose it was. These satellites, once they're in very low altitude, 
usually about 300 km, so their lifetime, orbital lifetime, is not very large because the atmosphere 
driving it back. But once their function is finished, typically within a year, the payload is 
separated from the power supply, which was a nuclear powered power supply. And the nuclear 
powered power supply would be boosted up to about 850, 900 km altitude, circular orbit, and left 
there because they realized that they would have gotten into a lot of trouble if they had brought 
down nuclear powered modules into the Earth. Somehow, there was a design flaw in the nuclear 
powered module. The nuclear power core was cooled by liquid sodium and potassium, and so, 
somehow when they put it up at that altitude, the liquid coolant, sodium and potassium 
somehow escaped from the... The coolant fluid essentially leaked out. We don't quite know why, 
because the Russians would never explain why. 
Prof. Labonte — Did the rocket explode? 
Dr. Sridharan — No, no. What we suspect is that there was a faulty design that somehow caused, 
during this process of ejecting into that orbit, one of these coolant tubes either opened up, or a 
valve to open up, or something, this has happened on more than one of these powered, not all 
of them, but more than one. And what happens when liquid leaks out into space, it forms 
spheres — perfect spheres actually — so you find that in that 850 to 950 km altitude orbit, at 65 
degrees inclination to the Earth, something like 60,000 spheres, sodium potassium spheres, of 
varying sizes from a few mm to about a few cm. The largest one that we have detected is about 
5 cm, so we suspect that it is limited by the size of the coolant tube or something. So, we did a 
fair amount of assessment. NASA suspected this based on their ideas about orbiting 
characteristics and what they knew about the Russian program and they asked us to 
independently take a look at a number of these debris to assess whether we could tell the size, 
shape, number and whether they were sodium potassium and so on and so forth. We did most of 
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it. Without reaching out and touching it we can't really confirm that it's sodium potassium, but it 
has a lot of characteristics of that and that's what those papers are about. But that's in a narrow 
band of altitude about 100 km - 850 to 950 km. And they will last a long time. Their orbital 
lifetime is on the order of 100 years. We also estimate on how long it would take to ... since it 
comes out as liquid, whether it's still liquid or solid depends on whether it's in the sun, or in the 
shade and it can evaporate some liquid, essentially. The orbital lifetime based on that is fairly 
large. They will stay there for a long time. 
So, are those particular sodium potassium spheres very dangerous? 
If they hit you its very dangerous. Their half-life in terms of radiation is probably 65 years or 
something or maybe more. But we don't know beyond that. I mean, I don't think the radioactivity 
is the issue, I think if you put a satellite up there, and being hit by one of these at 10 km/s is the 
issue. Now, from the Space Station point of view, that's not important. But in turns out that the 
850 to 950 km altitude is very desirable from a different perspective. There are what is called 
"sun synchronous orbits" ... I don't know if you've ever heard of them? 
— Yes. 
Dr. Sridharan — Ok, what they do is these orbits process around the Earth at the same rate that 
the Sun moves about the earth or the Earth moves about the Sun, the point is ... And as a result 
they can always keep them in sunlight so that it can always be hot, or, it can always keep them 
in such an orientation that one part of the orbit is always sunlit, and the other part of the orbit is 
always dark. It's done very scatter ...? about it. A number of requirements for satellites use that 
kind of orbit. The ones that can provide you with photographs or on your weather channel 
provided that the land satellites which look down at the Earth and take measurements of 
vegetation and so on and so forth, they're in those orbits. So they are very desirable orbits from 
a number of different perspectives. And they can provide a repeating ground track so that we 
can examine the same part of the Earth in the same solar illumination conditions every day or 
every 50 days, or some time, and trying to infer long term radiation(?) of what is happening on 
the Earth — that is extremely useful. So these kinds of orbits are very popular, and there are a 
number of satellites that are in that altitude regime all of them threatened by this swarm of 
sodium potassium debris. However, this is low enough that we have not had collisions yet. In 
fact, to date, the only known collision in space of a satellite with a piece of debris ... with 
something else, is the French spot, the CERIS satellite, which is an interesting satellite sort of like 
this (coffee cup) with a long boom. And the boom is a method of stabilization — The boom is such 
that it is either oriented directly towards the center of the Earth, or directly away from the center 
of the Earth regardless of where the sunlight is. And another piece of debris from the rocket body 
that actually launched the CERIS came and hit the CERIS and broke of its boom, so the boom 
broke off half way. So now the satellite has only half the boom — the other half is separate. 
Strangely enough, satellites are built with so much redundancy that as soon as the French space 
agency realized what happened, they were able to reacquire control of the satellite, and continue 
to make it useful even though it had a shorter boom. That's the only known example of 
significant damage to a satellite that has occurred to our knowledge. 
Prof. Labonte — Didn't we some years ago have NASA launch a Satellite to test a whole bunch of 
different materials in the long term ... what did they call it? The long term... 
Dr. Sridharan — The LDEF, Long Duration Exposure Facility, there is an interesting history to that 
one too. 
Prof. Labonte — Didn't that get some damage from debris? 
Dr. Sridharan — Yes. The LDEF was launched. Its sort of a huge platform, like this (table) and it 
had on all its sides and top and bottom, various types of sensing material to make measurements 
of debris size and so on and so forth. And it was designed such that it always presented the 
same orientation with respect to its velocity vector which made its travel so that all the debris 
coming in the direction coming in opposite to its travel would always hit the same surface and 
similarly if debris were coming in from outer space, meteoroids for example, it would always hit 
the top. The LDEF was launched and it was supposed to be up there for six months ... 
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Prof. Labonte — But it stayed up for much longer 
Dr. Sridharan — Yes. What happened was the challenger disaster took place, and as a result we 
could not bring up a shuttle to bring it down so it ended up being there for 3 years or 4 years, so 
it provided a lot more data than we anticipated. And a lot of the models for space debris, very 
small debris, the ones that cannot even be detected by these powerful radars, come from LDEF 
data. Also, data from impacts of the space shuttle and so on. So, you get those kinds of 
information. And NASA has also been developing meteoroid models, again, for the space shuttle 
perspective. Their model dates back to the 60's and it has been improved slightly with the years, 
but not very much. In fact that's an area where there is really serious work that needs to be 
done to improve particular models. And the person I mentioned who is doing the work at BU, is 
working on not modeling the meteoroids, but analyzing data that we are collecting on meteoroids 
over the last few years. 
Prof. Labonte — So that's part of what Irma is more interested in. Which is the more serious 
problem? 
Dr. Sridharan — That's a very hard question to answered. Sigrid Close, this is the person who's 
doing her PhD, her estimate is that the data that we have from the radars on meteoroids, is that 
there are roughly 100 billion meteoroids that hit the earth everyday. These meteoroids are tiny. 
We're talking 10-3  to 10 -5  grams. Very tiny. However they do come in at about 30 km/s. The best 
models that exist for results of an impact is that with orbital debris, that is man made space 
debris of anything larger than a cm, or a few mm in size, causes two kinds of problems. It can 
create holes in solar panels and so forth. There is a classic photograph of the Hubble space 
station where they replaced the solar panels, and they brought the whole thing down. There was 
a neat little hole the size of this diameter, clearly caused by some debris hitting it and going 
through, because the solar panels are very .?.?.? you see. The other thing that man-made space 
debris can cause is it can cause altitudal instability. It can hit a satellite which is supposed to be 
altitude stable. It can perturb its altitude. Do you understand what I mean by altitude? 
— Yes. 
Dr. Sridharan — It could conceivably cause it to lose control of its altitude, but that has never 
happened so far. The third thing is, it could break a satellite, like what happened to the CERIS 
satellite. But the more serious thing is that if it hits it at the right part, it can cause the satellite to 
fragment into a number of pieces. But this was one of the early derivations that Kessler made, as 
to what kind of impact it would need to have to cause cascading — that is, you hit the satellite, 
and that satellite breaks up into hundreds of pieces, and these hundreds of pieces now have 
increased the threat against other satellites that are in orbit too, and they hit them, and cause a 
chain reactions. We have no where near the density of debris to cause that kind of problem even 
in the region of 850 to 950 km. But it is a potential concern. Kessler believes, that the asteroid 
belt, for example, or Saturn's rings, and so on, are regions where this density is exceeded, and 
the result is cascading, causing a lot of debris to turn up, and smaller and smaller debris to turn 
up. One of the mechanisms for the formation of those rings is supposed to be this cascading. I 
will just state that, I have not looked into analyzing, I do not know whether this is true or not. 
The asteroid belt, and Mars and Jupiter is supposed to be like that. But leaving aside cascading, 
to a satellite, every man-made debris tends to be a greater problem because it can cause either 
upsetting of altitude, it can cause holes in the solar panel, which means that the current or the 
power produced by the solar panels decrease, or it can cause the satellite to break up — 
catastrophic breakup. The meteors on the other hand, are very tiny. We're talking 10 -3  to 10 -5 

 grams. But they come in at a high velocity. We believe the phenomena of the impact is that it 
causes plasma. It hits at a high velocity, and you don't really see what happens to the particle, 
but what you see is electric discharge on the surface. And depending on what part of the surface 
that is, that could cause no problem, or that could cause local lightning which could short out 
something. As to whether any satellites have been damaged by meteoroids, its very hard to 
answer. There have been satellites known that have been affected at the time of a meteor 
shower, or at the time of a solar storm. A solar of course doesn't cause meteoroids, it's a 
different phenomenon. But inferring that it was caused by meteors, or the solar storms, and 
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proving it are two different things — we just don't have the kind of sensing mechanisms in these 
satellites that could be able to tell that this was the cause of the problem, because satellites fail 
often, for other unknown reasons too, internal reasons. This person Sigrid Close I mentioned has 
put together something for you on meteoroids largely, and she does mention a couple of 
examples of satellites that have supposed to have been affected by meteoroids, but its hard to 
prove that. Certainly, if you're talking space station, meteoroid population has not as much of a 
concern as the space debris population — as the manmade space debris population. 
—But there is more natural debris than man-made debris? 
Dr. Sridharan — Yes, there is much more natural. Micrometeoroids there is much more. One 
estimate is that there is 100 billion meteoroids that hit the Earth every day. 
—But there are lots and lots of natural pieces that are 10 cm or bigger? 
Dr. Sridharan —This is the meteoroid population we're talking about. Most of them tend to be 
very tiny bits. In particular meteoroid belts, like the Leonis meteor showers, or the Perseus ... I 
forget what its called meteor showers, there could be larger objects, but we don't know how 
much. 
—But there are pieces of asteroids up there, that are just as harmful as anything we could put up 
there? 
Dr. Sridharan — Certainly true, for example, in the Leonis meteor showers, in the big density, not 
only have billions of very tiny particles but do have a number of large particles. I don't think it 
has been adequately characterized as to how many of what size. So the information is lacking. 
Then there is the whole other area of concern, which is sort of concern for the whole Earth not 
for satellites, which is to hear of asteroids and so on. Is that what you are talking about? 	  
As I said, I don't think there is adequate characterization that I know of -- you should talk to 
Sigrid Close about this, she is not here, she's at a conference this week, that is why she is not 
here with me today. We really don't know how much big stuff is in those meteor showers, --
there's probably some, but the density is not known, so we don't know really what the danger 
due to that is. There are suspected to be at least 2 geostationary satellites which have an 
equatorial orbit. There is suspected to be at least 2 of them which have been damaged by either 
meteors or solar storms of some kind, but I don't think in either case, it was conclusively proved 
that it was this problem, and not a malfunction of some attribute due to the system leading 
satellite. We don't know. The reason to infer that it was meteors of or solar storm related, is that 
it occurred when there was a meteor shower, and when there was a solar storm, so no cause 
and effect, just an inference based on phenomena that existed at the time. Unlike the case of the 
CERIS, where we could work back and prove that indeed it was hit with high probability it was hit 
by the rocket body, and that is what broke the boom off. In the case of these two satellites, we 
can't really tell. As to what the natural danger is, with respect to the satellites, I don't really 
know. I just suspect that most of the meteoroids are tiny, and the kinds of problems that they 
cause, is very different from the kinds of problems that are caused by significantly sized orbital 
space debris which can really upset the altitude of the satellite or break it up. Largely, these 
micrometeoroids whose coming all the time to the Earth they cause some kind of plasma, some 
electric discharge, which may or may not be significant. 
Prof. Labonte — That's fascinating to hear you talking about these things. I just read something in 
the paper about the current space shuttle saying that the group that's just gone up, was there to 
replace panels that were put outside of the Russian module to protect it from the space debris, 
because the Russians hadn't met our requirements, whatever that meant. 
Dr. Sridharan — Cheated a little bit... 
Prof. Labonte — Well, I don't know. They probably figured "We built MIR, and look at how long it 
stayed up, don't tell us how to do that business." Irma has always mentioned to me that if all 
that stuff up there is a significant risk, then why aren't we doing something to clean it up? 
Dr. Sridharan — I'm getting to that. One of the questions that is being raised is "Can we do 
something about this debris?" apart from characterizing debris and apart from assessing them — 
can we mitigate the debris? There is the natural mitigation process which is the atmosphere 
bringing it down — that's a slow process. Depending on the altitude it can take several months, 
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and when you go out to 900 km, it's a hundred years or more. So that's a very slow process. 
There are several other options that were looked at. One was, "can you put a net in orbit which 
would catch debris?" Well, very quickly, people realized that putting a net means getting hit by 
something at 10 km/s, and its sort of hard to build a sturdy net that can grab all of these things. 
Another question was "Is there any way to use something powerful from the ground, like a laser, 
to blast these debris to pieces?" But then, all you did, was you took something 10 cm in size, and 
created 100 particles 1 cm in size. That's not a sensible thing to do, you just increase the 
potential damage, rather than decrease it. 
—But then you don't get hit by something as big. 
Dr. Sridharan — That's true But probably, if you're vulnerable to something 1 cm size debris, then 
it doesn't matter to you whether you're being hit by a 10 cm piece of debris, or a 1 cm piece of 
debris. If you increase the risk 100 fold, you have not succeeded. 
—And also they can track anything that is bigger than 10 cm and they can avoid them. 
Dr. Sridharan — Good point, very good point. Another suggestion that was made was "could you 
use something like a laser, to add energy to the debris forcing it to come down, essentially 
changing it's orbit. Its altitude comes down, and that was the genesis of that study. This was 
sponsored by NASA and the JSC, and many people participated, and I was one of them. 3/4 
people were from LL. And this was the final report of that. Basically, the report showed "Yes, it is 
feasible, but not today." The kind of lasers that you would need do not exist yet. At some point, 
to be able to bring debris down, you add just enough energy, and the way you do that, you 
illuminate the debris, cause a slight surface abrasion, and as the surface particles stream out, 
that causes action reaction, equal and opposite causes an emission of particles, or depending on 
which direction you are forcing, that decreases the velocity vector. And as a result, the satellite 
will come down. That was the concept. There are lots of intricate problems involved, apart from 
the laser, you have to be able to acquire, detect and track these debris, point the laser at it, and 
choose the right part of the orbit and so on. So, there are a number of problems, but all it 
showed in principle, what that its feasible, but there's a lot of work involved in doing that, and if 
the situation were serious enough, then one could dust off this report, and start looking at the 
possibility. I don't think there are any other, to my knowledge, methods of debris mitigation in 
space. 
— Wasn't one of them to not let the things that are up there now, that stop working, go 
somewhere else, making the problem not grow any bigger? 
Dr. Sridharan — Exactly. The debris mitigation I am talking about is removing existing debris that 
is orbiting there. I don't know of any other methods. However, there is beginning to be 
international agreement, its not final, there is no legal requirement as such, but there is 
beginning to be international agreement. That when you put a satellite into space, you do two 
things. One is, you ensure that the rocket body, that takes the satellite into space, which also has 
to get into orbit to put the satellite up into space, then you leave enough fuel in the rocket body, 
so that you thrust it, and force it to come down, quickly —not last for a long time. It doesn't have 
to come down the next orbit, it can come down in a few years, but nevertheless it should not be 
there for very long. The second thing is, that when you do this, you also deplete all the fuel in 
the rocket body, because one of the reasons why rocket bodies can cause fragments is by 
exploding. — They explode because they have fuel in them. So, to deplete all the fuel in there, so 
you deplete all the fuel in there, so the rocket bodies do not explode. We essentially, what is 
called, incapacitate the rocket body. And both of these techniques have been adopted by a 
number of satellite launches to ensure that they don't leave rocket bodies up there. Another 
requirement has been, a requirement, at least a suggestive requirement, you do not have 
appendages to the satellite which will be ejected from the satellite. For example, a lot of 
satellites, have telescopes. And on the launch pad these telescopes have covers on them to 
prevent debris getting into the telescopes. In space, the cover is removed — there are two ways 
to remove the cover — one is to open the cover but keep it attached to the satellite, but not in 
the optical path. The other way is to eject the cover. So the idea is not to eject the cover, 
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whereby we create another piece of debris, but ensure that the cover is open-able but is 
captured by the satellite itself immediately. 
Prof. Labonte — That suggests that by agreement we can do things that limit future debris. 
Dr. Sridharan — Yes, essentially almost all launching agencies follow these guidelines, these days, 
even the smaller launching facilities, that don't launch that many satellites, like the Chinese, the 
Indians and so on, have begun to follow these requirements now, so as to reduce the future 
debris. Also then, there is another requirement, a suggested requirement, that you leave enough 
fuel in the satellite itself to either move the satellite out to a safe altitude, either bring it down a 
low altitude, or, in the case of a geostationary orbit, which is a very popular orbit, there are lots 
of satellites up there, to move it out of geostationary band, raise it another 300 km above the 
equator, the geostationary band itself is 42000 km away from the Earth, circular orbit, and raise 
it another 300 km, or more, if you want to, away. 
—Can't we just push thing out of orbit, so that the fly away. 
Dr. Sridharan — We can push things out orbit, but into some other orbit. 
—No, out of Earth's orbit. 
Dr. Sridharan — That takes a lot of fuel. And you can't leak. A useful satellites lifetime these days, 
is decided by the amount of fuel it carries. Particularly take satellites like Iconos, or geostationary 
communication satellites, and so on, these are all revenue producing satellites, so a company 
owns them and collects money from them. The lifetime, or how much revenue they collect, is 
essentially dependent on the amount of fuel the have for maneuvering the satellite and keeping 
it in its orbit. And typically these satellites carry enough fuel to last several years. At the end of 
that, if you still leave enough fuel in there, to move it out of the orbit, then you have lost so 
much revenue. It's a balance — are you going to pollute the skies more, or are you going to 
reduce your revenue? This is a contest that has been going on for a long time. Particularly, in 
geostationary orbit, it has been somewhat depressing, because not enough people have invested 
in moving their nearly dead satellites out of the geostationary band. 7 7 7  People are beginning 
to do that now, but there is lots of stuff up there, dead satellites up there, that are floating in 
geostationary orbit, posing hazards to other satellites. In fact, one of the papers I have pertains 
to that, and just so you don't get the feeling that LL is the only one that does all this work, there 
is someone from the Aerospace Cooperation that does this work too. 
Prof. Labonte — So, there doesn't seem to be anything that can be done — there are these 
economic pressures on the people who put up communication satellites. 
Dr. Sridharan — There is one example, of a whole system, that resisted this economic pressure, 
and said that they would do the right thing — its called the iridium satellite cooperation. They 
launched 60+ satellites, and right from the beginning they said, each satellite would last only 5 
years or 10 years, and they would leave enough fuel onboard the satellite to bring it down, to the 
atmosphere, 
Prof. Labonte — IOW, just change the orbit, and eventually through friction she comes down... 
Dr. Sridharan — Right. But they were willing to pay the cost, the lost revenue, of a certain amount 
of fuel, and we all know what happened to Iridium. They went bankrupt, and now the DoD has 
basically bought them, so.. 
Prof. Labonte — We have to rely on the Department of Defense to do something rational. 
Sometimes that works. 
Dr. Sridharan — So, in geostationary orbits, for example, there are a few examples of satellites 
that do get pulled down to a different orbit, but lots of satellites are just dying in space. 
—So are they standardizing it, to make sure that ... 
Dr. Sridharan — Trying to. The problem is, there is no legal requirement, that is by international 
consensus, that this kind of thing is evolving. NASA has been a major force in pushing towards 
this kind of thing. And a lot of companies done the right things, but it's a very slow process. 
Luckily, the threat is not high enough, in fact, curiously enough, if you look at the paper that I 
gave you on the geostationary orbit and collision probability. . The geostationary orbit is in worse 
shape than lower altitude orbits, because that's a very narrow shell, where there are ... 
Prof. Labonte — Everyone wants to be in exactly the same place — right in line with Texas. 
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Dr. Sridharan — Right. And that happens to be a actually a worse situation in terms of pollution 
problem, than the low altitude right now. Its just a popular position. The good thing is, that 
relative velocity of these things is on the order of a few 10's to a few 100's of m/s —its not 10 
km/s. That's the good news. The bad news is that if you talk what 10 m/s to 100 m/s is, its like 2 
cars hitting each other head-on on a highway, and these satellites are not built to survive that. 
So the factor of orbital region is really in a way more dangerous right now, it will be very 
interesting work in that area. 
Prof. Labonte — Its hard to imagine mitigating the problem, once its there, unless you have some 
sort of... You'd need a NASA mission to grab stuff and bring it back down. 
Dr. Sridharan — This study that was done on laser debris mitigation really will work only at low 
altitudes. Once you get beyond that, it wont work, because ... 
Prof. Labonte — How powerful a laser had you looked at? 
Dr. Sridharan — I don't remember, but if you look at the paper... it's a long time since I looked at 
it. But it was powerful enough that there was only one organization that was even close to 
producing something like that, and that was 7 7 2   .it has built a laser that can send out 1 pulse 
every few minutes or something like that, but we need hundreds of pulses a second, so were 
nowhere near — that's a statement of fact. In the case of geostationary orbit, really, there is 
really no way to mitigate the current hazard only hope that we can mitigate potential, future 
hazards, reduce the amount of future hazard by ? ? 7  This is more of a curiosity than anything 
else. Now, you might ask, "Where does all this debris at low altitude come from?" And I 
mentioned to you that they come from satellites breaking up, and rocket bodies breaking up and 
so on. And then there were the sodium potassiate cooling fluids ... another significant cause of 
debris, it turns out — and these guys that came up with the model looked at that, is solid rocket 
bodies. There are the rockets that fueled by kinds of things — one is, the liquid bodies — kerosene 
and oxygen, hydrogen and oxygen, that kind of thing. Then there are solid rockets, which, for 
example are solid fuel. They great advantage of solid fuel is that they're still hazardous to 
hangers, but they last a long time, and you don't have to refuel and remove the fuel, and so on 
and so forth. And you can keep it fueled up for a very long time. But the disadvantage of solid 
fuel is that once you start thrusting it, you cannot stop it until all the fuel is gone. But, it turns 
out, that in the solid rocket body, after all the fuel has been worked, there's still stuff that comes 
out, it's called chuffing, it comes out of the solid rocket. This is various components of the fuel, 
and un-burnt fuel and so on — they come out in fairly large sizes, and thousands, going from mm 
sizes to sizes "this" large. Solid rocket have been used to launch satellites into orbit, so they are 
one of the significant components of the debris in space right now. 
— There was one issue that I found very interesting, and that is, that I have all these different 
sources and they don't all say the same thing. I was thinking that it was probably a problem with 
standards and definitions but I wasn't sure. 
Prof. Labonte — Irma was mentioning on the way up, that one of the sources says... One said 
that since the beginning of the space age, there have been 30,000 things launched, and the 
other said there had only been 4,000. And I only found out yesterday, that when they said 4,000 
they meant spacecraft. 
Dr. Sridharan — Exactly. Can you reach out to that black thing? That ? It's a definitative word, of 
what satellites we know, of what rocket bodies we know have broken up. And there are some 
statistics in there on how many launches and so forth. 
— So when they say "objects," and they don't mean space craft, what do they mean? 
Dr. Sridharan — The problem here is the ... Most people, when they talk of satellites being 
launched, they mean only the useful part of the satellite. — the payload that does something 
useful. Every satellite that goes up, has at least one rocket body in orbit. Perhaps sometimes two 
rocket bodies. Plus, it may also have various pieces of junk that have come, the solid rocket body 
stuff, that is un-cataloged, and large number of sizes, large number of objects, or telescope 
covers, or covers for these things that are rejected and so on. Not everything is kept track of or 
counted. Space [experts??] call these 'resident space objects' So as to distinguish among them in 
orbit. When somebody talks about 4,000 having been launched, they mean satellites, they mean 
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satellites that do something useful. For every one, there was at least one rocket body sometimes 
two. So there were probably 5,000 other objects of that type. Plus there are lots of other ... 
Prof. Labonte — Like the fairing that exists between one rocket body and another. 
Right, various kinds of things. Then there are lens covers, and such other things also. It depends 
very much on what you count, and how you count. 
— Yes. 
Dr. Sridharan — So, it's a very fuzzy number. The 4,000 may be a little too low. The 30,000 is 
probably a little too high. 
— It confused me that it was that different. 
Dr. Sridharan — Yeah. And people didn't keep track of things. In terms of how much stuff was put 
up there. They were all worried about the payload, they forgot about the rocket body, they 
forgot about everything else. And just to confuse you a little more. You must have heard about 
the Westford needles program? 
Prof. Labonte Yes. — Confuse our enemies. 
Dr. Sridharan — When I was in India, as a student, first time I heard of Lincoln Laboratories, was 
because of this Westford needles program. Several staff members, in the early days of the space 
age, conceived of the idea of putting a belt of needles around the earth, at about 3,000 km 
altitude. 
— Needles as in... 
Dr. Sridharan — As in needles! Long thin needles of about this length (-3in) and you know, 
slightly bigger than the human hair. And put a belt of needles around the Earth, and then you 
could bounce signals off that so that the belt was always available to you so you provided tactical 
communications to the military. This was before the concept of communication satellites had 
really been developed. And geostationary orbits were not even thought of, this is before then. 
So, LL participated in the experiment called the Westford Needles, to launch a belt like this. It 
caused an immense controversy because Radio Astronomers were very worried that this belt 
would interfere with their observations of the stars and such other things. So, the then director of 
LL, no, the then staff member, who later became the director of LL, did a considerable amount of 
analysis showing that first of all we were putting up a demonstration belt that would not last very 
long, most of it would come down in about 2 years, and secondly, that the effect on radio 
astronomy and optical astronomy would be trivial. Not be noticeable. They had to attend 
conferences in Japan and such other places to present these results. Now, how many were in the 
belt? 10's of millions of needles. So, do you count them all as one launch, or do you count them 
discreetly? But I used to joke for a while, that the Westford Needles visited me every year, 
because somebody would call LL, and ask for the director's office. "This Westford Needles, what's 
happening to it?" And they would always forward the call to me, because I collected a whole 
bunch of literature on this. 
Prof. Labonte — That's maybe one of the most controversial things the Laboratory ever got 
involved with. 
Dr. Sridharan — Absolutely, absolutely. There were two launches. The first launch failed — it did 
not dispense the needles. The second launch dispensed the needles, and sure enough, it worked, 
then optical astronomers, and radio astronomers made measurements through the belt, and 
didn't notice any effect. And as was theorized, most of the needles came down within two or 
three years. But the controversy still lasts, even to today. 
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Appendix B: 

// A simple non-linear curve fitter to model some data 
// Written by Jonathan Moussa, July 14, 2002 

#include <stdlib.h> 
#include <stdio.h> 
#include <iostream.h> 
#include <time.h> 
#include <math.h> 
#include <fstream.h> 

#define NUM_PARAMETERS 4 
#define MAX_SIZE 	 1000 

double fit_function(double x,double *params) 

{ 
//stick the function here, with it's parameters 
return (params[0] * pow(params[1],((x-1950.0)/10.0)) - params[2] * pow(p 

arams[3],((x-1950.0)/10.0)) + 80.0); 

} 

double least_square_fit(int data_size,double *data_x,double *data_y,double *para 
ms) 

{ 
int i; 
double total = 0.0; 

for(i=0 ; i<data_size ; i++) 

{ 
total += pow(data_y[i] - fitfunction(data_x[i],params),2); 

} 

return total; 

double get_rand() 

{ 

return 2*((double)rand()/(double)RAND_MAX - 0.5); 

} 

int main(int argv, char** argc) 

{ 
double x[MAX_SIZE],y[MAX_SIZE]; //43 points 
int i,size = 0; 

if(argv < 2) 

{ 

cout « "You need an input file specified, silly" « endl; 
exit(1); 

} 
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//read data file 
FILE *infile = fopen(argc[1],"r"); 

while(!feof(infile)) 
{ 

fscanf(infile,"%lf r , &(x[size]),&(y[size])); 
size++; 

//guess some initial parameters ... 
double params[NUM_PARAMETERS]; 
params[0] = 808.0; 
params[1] = 0.458; 
params[2] = 1270.0; 
params[3] = 0.315; 

//the initial variance of the parameters 
double variance[NUM_PARAMETERS]; 
variance[0] = 1.0; 
variance[1] = 0.01; 
variance[2] = 1.0; 
variance[3] = 0.01; 

// THE SUPER-GUESSER 2000 
double best = least_square_fit(size,x,y,params); 
double guess_params[NUM_PARAMETERS]; 
double test_var[NUM_PARAMETERS]; 
double current; 
srand(time(NULL)); 

for(i=0 ; i<NUM_PARAMETERS ; i++) 
test_var[i] = variance[i]; 

while(1) 
{ 

//make a guess around the current best 
for(i=0 ; i<NUM_PARAMETERS ; i++) 

guess_params[i] = params[i] + get_rand()*variance[i]; 

if(least_square_fit(size,x,y,guess_params) < best) 
{ 

best = least_squarefit(size,x,y,guess_params); 

//set the new params and reset the variance 
for(i=0 ; i<NUM_PARAMETERS ; i++) 
{ 

params[i] = guess_params[i]; 
test_var[i] = variance[i]; 

cout << "new best guess is " << best << " at "; 
for(i=0 ; i<NUM_PARAMETERS ; i++) 

cout << params[i] << " "; 
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cout << endl; 

ofstream fout("fit.out"); 
for(i=0 ; i<200 ; i++) 

{ 
double x0 = x[0] + (x[size-1] - x[0])*(double)i/ 

199.0; 
fout << x0 « " " « fitfunction(x0,params) « 

} 
fout.close(); 

for(i=0 ; i<NUM_PARAMETERS ; i++) 
test_var[i] *= 1.1; 

endl; 

} 
else 

{ 

} 
} 

return 1; 
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Appendix C: 

OBJECTIVE 
1. CONTROL OF DEBRIS RELEASED DURING NORMAL OPERATIONS 

Programs and projects will assess and limit the amount of debris released in a 
planned manner during normal operations. 

MITIGATION STANDARD PRACTICES 

1-1. In all operational orbit regimes: Spacecraft and upper stages should be designed to 
eliminate or minimize debris released during normal operations. Each instance of 
planned release of debris larger than 5 mm in any dimension that remains on orbit 
for more than 25 years should be evaluated and justified on the basis of cost 
effectiveness and mission requirements. 
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OBJECTIVE 
3. SELECTION OF SAFE FLIGHT PROFILE AND OPERATIONAL 

CONFIGURATION 

Programs and projects will assess and limit the probability of operating space 
systems becoming a source of debris by collisions with man-made objects or 
meteoroids. 

MITIGATION STANDARD PRACTICES 

3-1. Collision with large objects during orbital lifetime: In developing the design and 
mission profile for a spacecraft or upper stage, a program will estimate and limit the 
probability of collision with known objects during orbital lifetime. 

3-2. Collision with small debris during mission operations: Spacecraft design will 
consider and, consistent with cost effectiveness, limit the probability that collisions 
with debris smaller than 1 cm diameter will cause loss of control to prevent post- 
mission disposal. 

3-3. Tether systems will be uniquely analyzed for both intact and severed conditions. 
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OBJECTIVE 
4. POSTMISSION DISPOSAL OF SPACE STRUCTURES 

Programs and projects will plan for, consistent with mission requirements, cost 
effective disposal procedures for launch vehicle components, upper stages, 
spacecraft, and other payloads at the end of mission life to minimize impact on 
future space operations. 

MITIGATION STANDARD PRACTICES 

4-1. Disposal for final mission orbits: A spacecraft or upper stage may be disposed of by 
one of three methods: 
a. Atmospheric reentry option: Leave the structure in an orbit in which, using 

conservative projections for solar activity, atmospheric drag will limit the lifetime 
to no longer than 25 years after completion of mission. If drag enhancement 
devices are to be used to reduce the orbit lifetime, it should be demonstrated 
that such devices will significantly reduce the area-time product of the system or 
will not cause spacecraft or large debris to fragment if a collision occurs while 
the system is decaying from orbit. If a space structure is to be disposed of by 
reentry into the Earth's atmosphere, the risk of human casualty will be less than 
1 in 10,000. 

b. Maneuvering to a storage orbit: At end of life the structure may be relocated to 
one of the following storage regimes: 

I. Between LEO and MEO: Maneuver to an orbit with perigee altitude 
above 2000 km and apogee altitude below 19,700 km (500 km 
below semi-synchronous altitude 

II. Between MEO and GEO: Maneuver to an orbit with perigee altitude 
above 20,700 km and apogee altitude below 35,300 km 
(approximately 500 km above semi-synchronous altitude and 500 
km below synchronous altitude.) 

III. Above GEO: Maneuver to an orbit with perigee altitude above 36,100 
km (approximately 300 km above synchronous altitude) 

IV. Heliocentric, Earth-escape: Maneuver to remove the structure from 
Earth orbit, into a heliocentric orbit. 

Because of fuel gauging uncertainties near the end of mission, a program should 
use a maneuver strategy that reduces the risk of leaving the structure near an 
operational orbit regime. 

c. Direct retrieval: Retrieve the structure and remove it from orbit as soon as 
practical after completion of mission. 

4-2. Tether systems will be uniquely analyzed for both intact and severed conditions 
when performing trade-offs between alternative disposal strategies. 
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